Carbon nanotubes (CNTs) were synthesized by a catalytic chemical vapor deposition method (CCVD) of ethylene over alumina and silica supported bimetallic catalysts based on Fe, Co and Ni. The catalysts were prepared by a precipitation method, calcined at 600 °C and in situ reduced in hydrogen flow at 700 °C. The CNTs growth was carried out by a flow the mixture of C 2 H 4 and nitrogen over the catalyst powder in a horizontal oven. The structure and morphology of as-synthesized CNTs were characterized using SEM. The as-synthesized nanotubes were purified by acid and basic treatments in order to remove impurities such as amorphous carbon, graphite nanoparticles and metal catalysts. XRD and DTA/TG analyses showed that the amounts of by-products in the purified CNTs samples were reduced significantly. According to the observed results, ethylene is an active carbon source for growing high-density CNTs with high yield but more on alumina-supported catalysts than on their silica-supported counterparts. The last might be explained by SMSI formed in the case of alumina-supported catalysts, resulting in higher active phase dispersion.
mild conditions [6] . In such a process different hydrocarbons (methane, ethylene, acetylene, benzene or toluene) [7] are flowed over a supported metal (Fe, Co or Ni) catalyst with surface offering a suitable spot for the carbon nanotubes growth [8] . The nanostructure morphology depends on various parameters, associated with a chemical character of the carbon source, catalyst properties and reaction conditions. Thus, almost inert methane and carbon monoxide are claimed to give single-wall carbon nanotubes (SWCNTs) [9] [10] [11] , whereas more reactive unsaturated hydrocarbons are typically used for muli-wall nanotube growth (MWCNTs) [12] [13] [14] . Type of support and its pore size, nature and loading of applied metal and the size of active phase particles are the most important catalyst related properties [15] , while temperature, duration of synthesis and space velocity of gas are leading synthesis parameters [16] .
In almost two decades of CCVD method development, a lot of efforts have been focused on the catalyst design, comprising both an active phase and support investigations. Thus Fe, Co and Ni have been broadly claimed as metals creating the best active phases [6, 13, 14] , while both traditional [7] and novel supports such as zeolites, CaCO 3 and magnesia [7, 17, 18] have been successfully applied. For example, CaCO 3 supported Fe, Co catalyst has been reported as being very effective for MWCNTs production using acetylene as a carbon source [17] . Coexistence of CaO alongside with CaCO 3 is the result of partial thermal decomposition of the former at MWCNTs synthesis temperature, leading to two groups of the product differing in their diameter. Using magnesia as a support the same authors have correlated the catalyst and CNTs morphology as a function of the reaction temperature [18] . A direct relationship between the diameter of metal nanoparticles and carbon nanotubes was reported [18] , which have also been revealed by other authors [5] [6] [7] .
Various mechanisms for carbon nanotubes nucleation and growth by CCVD method have been proposed [19] . According to some authors [20, 21] , carbon nanotubes can exhibit two different synthesis modes during the growth process. When an active metal nanoparticle remains anchored to the surface of support, the synthesis mode is called "base growth". The growth follows a "tip growth" mechanism when the particle lifts off from the support by the growing C-filament and is observed on the top of the formed CNTs. The difference in growth modes is often explained in terms of adhesion force between the catalyst active metal particle and the support [22] .
The purification of synthesized carbon nanotubes is a very important part of the carbon nanotubes production and involves separation and removal of the catalyst and amorphous carbon. The main goal of the process is removal of all impurities from the raw materials without damaging the nanotubes. Despite the significant amount of the research, a large scale synthesis of carbon nanotubes with high purity has not yet reached a maturity level and is under an extensive investigation [23] [24] [25] [26] .
The role of the catalyst support and a metal active phase in the growth of carbon nanotubes is in the center of the present investigation. For this purpose, different bimetallic catalysts, supported on both silica and alumina, were prepared. Using different methods physicochemical properties of the catalysts are investigated and correlated with an activity in the CNTs synthesis. 
EXPERIMENTAL

Carbon nanotubes synthesis and purification
The carbon nanotubes growth was carried out at atmospheric pressure in a horizontal quartz tube with an external diameter of 42 mm and a length of 1 m. The tube is inside a horizontal electrical furnace controlled by Eurotherm 2204e temperature controller and a K-type TC positioned directly on the quartz tube wall. The system is equipped with a MKS PR 4000 mass flow controller allowing a precise flow of gas mixtures. The catalyst precursor powder (700 mg) was placed in the form of a thin layer in a quartz boat located in the middle of the quartz tube. Prior to the reaction, the catalyst was reduced in the hydrogen flow (110 ml/min) at 700 °C for 2 h. Subsequently, the hydrogen was replaced by the 220 ml/min flow of mixture of ethylene/nitrogen (1:1) and the synthesis was carried out at the same temperature for 1 h. After cooling the system, the catalyst loading together with an accumulated C-containing material were discharged and measured, which was followed by the calculation of the carbon yield according to the formula:
100 m m m − where m tot. is the total weight of the catalyst and assynthesized C-containing products and m red.cat. is the weight of the reduced catalyst which was measured in a separate experiment.
After the synthesis, the raw products were treated with 1 M NaOH solution at 80 °C for 2 h in order to remove the catalyst support. The resulting material was washed several times with distilled water and then treated with 1 M HCl solution in order to remove the remaining metal particles. Subsequently, the purified carbon nanotubes (CNTs) were washed with distilled water and dried at 110 °C for 24 h.
Characterisation of the catalyst and products
The catalysts samples were analyzed both before and after the reaction by XRD using a Powder diffractometer (Seifert MZIV) with CuKα radiation (λ = = 0.15406 nm). The structure and the morphology of the as-synthesized and purified carbon nanotubes were characterized by the scanning electron microscope (SEM JEOL JSM-6460LV) with an additional quantitative analysis by Energy Dispersive Spectroscopy (EDS). A thermal analysis was used to study the thermal behavior of as-synthesized and purified carbon nanotubes and to determine their purity. DTA and TGA were performed simultaneously in the static air atmosphere from 25 to 1000 °C at ramping rate of 10 °C/min using Derivatograph MOM-1.
RESULTS AND DISCUSSION
Carbon yield
The activities of different bimetallic catalysts in respect to CNTs growth from ethylene are given in Table 1 as the percentage of the carbon yield. As mentioned before, the structure and the morphology of as-synthesized carbon nanotubes depend on the type of the catalyst support and active phase, the method of the catalyst preparation as well as the reaction conditions. It is well known that a number of oxides and mixed oxides have been used to disperse and stabilize small metallic particles [8] . That depends upon the metal-support interactions (MSI) which optimum assures good catalytic properties [27] . According to the results from Table 1 , it can be observed that the carbon yield depends on the type of the active phase, as well as on the nature of the catalyst support. All alumina supported bimetallic catalysts showed higher activity in the carbon nanotubes production in comparison to the silica supported ones. It is well established [8] that one of the major factors influencing the catalytic activity is the size of metallic particles substantially determined by the nature of the support and related intensities of the established MSI. In the case of Co, different reducibility has been reported on silica and alumina, the last being characterized with stronger MSI, limited particles mobility, lower chances for their agglomeration and consequently smaller particles size [27] . It might be that in the particular case of bimetallic catalysts present here the same SMSI might be responsible for the higher metal dispersion in the case of alumina supported catalysts resulting in a higher carbon yield.
Concerning different active phases the following activity decline can be observed: Fe,Co > Fe,Ni > > Co,Ni. The carbon yield for the Fe,Co/γ-Al 2 O 3 bimetallic catalyst was remarkably high (263.6%), while for the Co,Ni/SiO 2 was the lowest (9.1%). Willems et al. [5] showed that cobalt as a catalyst active phase is of the prime importance for obtaining the high quality multi-wall carbon nanotubes, while the use of iron alone can give a higher carbon yield, but the product of lower quality. Thus, the mixture of cobalt with other transitions metals could combine these two advantages and lead to a very high activity in the formation of MWCNTs of good quality. According to Kόnya et al. [28] the usage of Fe, Co bimetallic catalyst for carbon nanotubes production results in alloy phase formation which is supposed to be the catalytic active phase. The relatively high yield and excellent quality of carbon nanotubes have been explained by the peculiar behavior of this alloy phase [7] . It has been also found that the presence of Co in Fe enhances the bond rearrangement of both carbon and transition metal atoms for easier carbon absorption, diffusion and orientation of tubular C 6 rings into the nanotube structures [18] . 
SEM characterization
The morphology of the as-synthesized carbon nanotubes located on the top of different catalysts is presented by SEM images in Figs. 1a-1f . It has to be mentioned that due to the limitation of the SEM technique, a tubular shape of the obtained C-containing nanostructures cannot be certainly proven. However, the C-source and the reaction conditions applied guarantee the CNTs structure of the product [22] . As it can be seen, different catalyst active phases and supports result in CNTs of different morphology. SEM images revealed the high selectivity of the carbon nanotubes formation over alumina-based catalysts leading to a homogeneous and dense distribution of CNTs covering the catalyst surface in a web-like network (Figs. 1d-1f) . In contrast, the density of CNTs grown over silica-supported catalysts was lower (Figs. 1a-1c ; notice different magnification applied). This suggests that the catalysts prepared on silica lack homogeneity of its active phase being responsible for CNTs growth. An extreme example is the Co,Ni/SiO 2 sample, with the surface covered only with traces of C-containing forms (Fig. 1c) . According to the SEM images, carbon nanotubes synthesized over present bimetallic cata-lysts are very tangle indicating the presence of structural defects responsible for twisting of the tubes [23] . All the CNTs grown over particular bimetallic catalysts have diameters in the range of 20-60 nm. However, due to the limited number of pictures taken at higher magnification it was not possible to narrow the estimation of the exact thickness of the nanotubes and connect that to either particular active phase or to the support. It is known that in the CCVD method the diameter of as-synthesized CNTs is almost equal to that of the catalyst particles [29, 30] .
Thus, it can be suggested that the diameters of all catalyst particles were in the same range, speaking on not very uniform dispersion achieved among different catalytic systems, as well as within a single catalyst sample. It was reported [31] that an optimized catalyst particle size allows a good balance between the rates of hydrocarbon decomposition and carbon filament growth. Also, the good balance between these two rates enables the selective growth of carbon nanotubes and prevents the formation of amorphous carbon which leads to deactivation of the catalysts and completion of CNTs growth. An additional peculiar structure of the obtained CNTs is connected to the particular most active Fe, Co catalyst having CNTs of very high density. Namely, as shown in Fig. 2 some parts of the catalyst surface is covered with the as-grown CNTs in the form of quasi-aligned bundles. SEM image obtained with higher magnification (Fig. 2b) shows one of these bundles, witnessing its extremely high density which might be the reason for the highest carbon yield achieved with the particular catalyst. As it can be seen, the as-grown CNTs bundle has the diameter in the range of 3-5 μm and consists of densely packed nanotubes which are almost parallel to each other along the direction of the bundle axis. It has to be mentioned, however, that the organization of nanotubes in bundles is connected exclusively to the present alumina-supported Fe, Co catalyst. It is known that single-wall nanotubes (SWNTs) are usually assembled into macroscopic bundles by van der Waals interactions [32] [33] [34] [35] , whereas multi-wall carbon nanotubes (MWNTs) generally come either as disordered individual tubes or aligned CNTs array [36] . Although the presence of MWNTs in bundles has been reported occasionally [37, 38] , the bundles growth mechanism is still an open question. According to Mukhopadhyay [39] , the presence of Fe coupled with Co could be responsible for the quasi-alignment of CNTs and formation of bundles.
Purification efficiency
In order to obtain the high-purity CNTs, the as--grown nanotube samples were purified by the method of "liquid oxidation" [24] which implies the basic and acid treatment of the raw CNTs material. Figure 3 represents the SEM images of both unpurified and purified CNTs synthesized over Fe,Co/γ-Al 2 O 3 bimetallic catalyst, as well as the EDS spectrums of the same samples. As it can be seen from the above SEM images, the CNTs are in the form of highly interwoven structures which were not disturbed by the applied purification process. Due to low magnification of the applied SEM equipment, catalyst metal particles can be observed in neither of the figures. However, the results from corresponded EDS spectra convince that the applied purification method, although not fully accomplished when catalyst removal is concerned, is well chosen. Thus, the weight percentage of carbon and aluminum are 81.3 and 6.2% vs. 86.9 and 1.5% in unpurified and purified sample, respectively. XRD characterisation Figure 4 shows the XRD patterns for alumina support, Fe,Co/γ-Al 2 O 3 catalyst after the calcination and the reduction, as well as patterns of unpurified and purified carbon nanotubes obtained by using the same catalyst. According to Figs. 4a-4c , the XRD spectrums of the catalyst after the calcination and reduction are very similar to the spectrum of pure γ-alumina. This is due to the presence of metals of low concentration in the catalyst which therefore cannot be detected by XRD. The peak at 2θ = 46.5° which corresponds to γ-alumina is present in all the diffractograms; however its intensity decreases upon CNTs formation (Fig. 4d) , and almost disappears after CNTs purification (Fig. 4e) . At the same time the intensities of XRD lines at 2θ = 26.5° and 2θ = 43.5°, which respectively were assigned to graphite-like phase with (002) and (100) diffraction planes [40] , both increaseed. These results are in line with those obtained by EDS (Fig. 3) , speaking on effectively performed CNTs purification. The main features of X-ray diffraction pattern of as-grown CNTs (Fig. 4d ) are close to those of graphite and are principally represented by (002) peak at 2θ = 26.5° [40] . XRD has been proven to be a useful tool for characterizing the alignment of CNTs by checking the intensity of (002) peak at 2θ = 26.5°. In particular, the intensity of this peak decreases considerably with higher nanotube alignment [41] . Thus, the intensity increase of the (002) line upon CNTs purification (Figs. 4d-4e) indicates that as-grown CNTs, which are very interlinked staying on the top of the catalyst surface, become even more twisted once they are freed from its catalyst host. This is in accordance with the SEM results given in Figs. 3a and 3b . On the other hand, the shape of the peak for the (002) line (its height and narrowness) can be connected to the C-containing sample graphitization and crystallization degree [41] . Thus, the narrow shape of the peak corresponding to (002) crystal plane of the purified sample (Fig. 4e) suggests its higher graphitization and crystallization degree, which might be the consequence of the removal of amorphous carbon from the outer walls of the tubes. However, this assumption has to be confirmed by TEM technique. DTA/TGA characterization Figure 5 shows TGA and DTA curves of unpurified (a, c) and purified (b, d) CNTs synthesized over Fe,Co/γ-Al 2 O 3 catalyst in the flow of ethylene and nitrogen mixture (110/110 ml/min) at 700 °C for 1 h. From the TGA and DTA profiles it can be observed that thermal properties of C-containing material largely depend upon the type of carbon present. Namely, as it can be seen from the DTA of an unpurified sample (line c in Fig. 5 ) CNTs tend to oxidize at higher temperatures than amorphous carbon due to a smaller number of active sites available for oxidation [42] . The same can be followed by TGA, the weight loss profile of the same sample being characterized with two weight loss regions (line a in Fig. 5 ). The first weight loss around 250 °C contributes to 5% of the total weight loss and can be attributed to the oxidation of amorphous carbon [17, 18, 42] . The mass drop at 530 °C amounting to 49% of the total weight loss is due to CNTs combustion [17] .
DTA and TGA curves of the purified CNTs sample verify the efficiency of the used purification method. The single DTA peak in the high temperature region along with the corresponding weight loss of 75% in TGA (lines d and b) speaks on substantial reduced amounts of both amorphous carbon and catalyst remains after purification. Namely, somewhat lower oxidation temperature of as-synthesized CNTs is usually reported in the literature as a consequence of an additional catalytic effect occurring during thermal oxidation [42] .
CONCLUSIONS
In summary, ethylene diluted with nitrogen seems to be an appropriate C-source for growing carbon nanotubes over different bimetallic catalysts using CCVD method at temperature of 700 °C. The higher yield of carbon nanotubes synthesized over alumina-supported catalysts in comparison to the silica-supported counterparts may be the consequence of SMSI occurring in the case of the first support, resulting in higher active phase dispersion and active sites accessibility. According to the results shown in this paper, it can be suggested that "liquid oxidation" purification method can be applied for obtaining high-purity CNTs. It has to be underlined, however, that deeper insight into different support contribution to the catalysts activity, a mechanism of CNTs growth, as well as C-containing product structure cannot be performed without further investigation by TEM, HR-TEM or Raman spectroscopy.
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